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The detailed and complete reaction sequence was fi- 
nally elucidated by the use of further mutants 
(blocked at various stages between glutamate and 
ornithine), by the additional use of isotopic meth- 
ods, and by the characterization of the individual 
enzymes. 

The site of the metabolic block can be further ascer- 
tained by measurement of the appropriate enzyme 
activity. This will be absent or greatly decreased, 
compared with that in the wild type organism. 
Sometimes, serologically similar, but enzymically in- 
active protein is produced, i. e. the mutation has not 
prevented transcription and subsequent translation 
of a protein, but small changes (sometimes the re- 
placement of a single amino acid) have occurred 
which destroy catalytic activity. Such proteins are 
known at CRiM proteins (Cross Reacting Material; 
the "i" is added for pronunciation purposes). 
Elucidation of the biosynthetic pathway of the aro- 
matic amino acids (see Aromatic biosynthesis) was 
greatly aided by the use of mutants of Escherichia 
coli and Aerobacter aerogenes. Many bacterial mu- 
tants were known to have a simultaneous require- 
ment for phenylalanine, tyrosine, tryptophan, p- 
aminobenzoic acid and hydroxybenzoic acid, thus 
indicating a common biosynthetic pathway for all 
these compounds. This multiple requirement was sa- 
tisfied by the single compound, shikimic acid, which 
can be isolated from the leaves of various plants 
(Gymnosperms, Illiaceae, etc.). Shikimic acid was 
later found to be excreted by certain auxotrophs 
with multiple aromatic growth requirements. Subse- 
quently, auxotrophic mutants for each step or aro- 
matic biosynthesis were isolated, the accumulated 
material was identified and shown to support the 
growth of mutants with earlier blocks, and the ap- 
propriate enzymes isolated and studied. The key 
branch point compound, chorismic acid, was identi- 
fied with the aid of a triple mutant, with metabolic 
blocks in the conversion of chorismic acid into pre- 
phenic acid, prephenic acid into /?-hydroxyphenyl- 
pyruvic acid, and anthranilic acid into indole 3 -glyc- 
erol phosphate. In the presence of L-tryptophan (to 
repress the formation of enzymes converting choris- 
mic acid into anthranilic acid), washed suspensions 
of this mutant (A, aerogenes 62 - 1) excreted choris- 
mic acid. 

The use of mutants, and in particular the supple- 
mentation test, are difficult when a single mutation 
of a fundamental metabolic reaction gives rise to 
multiple growth requirements, i.e. polyauxotrophy. 
This must be clearly distinguished from polyauxo- 
trophy resulting from polygenetic mutations, i. e. sin- 
gle mutations in several distinct pathways. 
The mutant technique has also been applied to natu- 
rally occurring mutations in animals, e.g. in the 
study of the degradation of phenylalanine and tyro- 
sine (see Phenylalanine). 

Muta rotation; a change in the optical rotation 
of an optical isomer, usually a carbohydrate, in 
aqueous solution. The carbohydrate molecule can 
exist in anomeric forms, designated a and p. These 
two diastereomers differ in chemical and physical 
behavior, such as melting point, solubility, and espe- 
cially optical activity. In aqueous solution an equi- 
librium is gradually established between the two 



diastereomeric half acetal forms and the open chain 
form, with a consequent change in the optical rota- 
tion. Interconversion of the two diastereomers oc- 
curs via the intermediate cyclic half acetal. The at- 
tainment of equilibrium is accelerated by acids or 
bases. The starting value of [a]r? for a-D-glucose in 
water is + 113 °, that of p-D-glucose is + 19.7 °. Af- 
ter a few hours, when equilibrium between a and p 
forms is established, the value [a]]§ is + 52.3 °, repre- 
senting a mixture of 37% a and 63% p -glucose. A 
monosaccharide showing M. is often characterized 
by measurement of the starting and final values for 
rotation, e.g. [a] D + 113 °-^52°. 

Mutation: chemical or physical changes in the 
genetic material of a cell or organism. A single 
M. represents a change in a gene, which is a defined 
segment of DNA (or RNA). Chemical changes in 
the DNA include substitution of one nucleotide for 
another, due to an error in copying (base pairing) or 
to a change such as dimerization of adjacent bases 
which prevents accurate copying. Physical changes 
include breakage and loss of part of a DNA mole- 
cule, or rearrangement of the molecule. 
A point mutation affects a single nucleotide ; it may 
consist of a) substitution of a different nucleotide, b) 
loss of a nucleotide (deletion) or c) insertion of an 
extra nucleotide. In each case the nucleotide se- 
quence is altered; in b and c, the "reading frame", or 
division of the sequence into triplets to be translated 
into arnino acid (see Genetic code; Protein biosyn- 
thesis) is shifted, with severe effects on the protein 
product of the gene if it is a structural gene. 
The substitution of one base for another may or may 
not change the interpretation of a base triplet or a 
non-translated stretch of DNA. M. which have no 
phenotypic effects are called "silent M." A large ma- 
jority of the DNA in a multicellular organism ap- 
pears never to be translated. Some portions of this 
untranslated DNA regulate the expression of struc- 
tural genes (see Gene expression), some apparently 
serve to make rearrangements such as crossing over 
of sister chromatids and movement of Transposons 
(see) possible, some may serve to promote pairing of 
homologous chromosomes at meiosis, and others 
may have no function at all or serve merely as spac- 
ers between genes (see Introns). M.in such regions 
are likely never to be detected. 
M. which can be detected result in changes in struc- 
tural or regulatory genes, and thus are reflected by 
absence or change in enzyme or structural proteins, 
metabolic reactions or overall performance of a 
metabolic pathway. At the morphological level, the 
results may be, e.g., changes in pigmentation, body 
structure or response to environmental changes. 
M. may be random, spontaneous or induced, and in 
a multicellular organism, they may occur either in 
germ-line or somatic cells. (Naturally only the for- 
mer are passed on to subsequent generations.) A 
random M.may be selected by environmental pres- 
sure for preservation, although it is far more likely 
to be deleterious. Spontaneous M. occurs because 
DNA replication is subject to occasional errors, and 
for reasons which are not understood, some 
stretches of DNA are more subject to such errors 
than others ("hot spots"). Genetic variability within 
a species confers the advantage of adaptability to 
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Mutational frequency 



changing environmental conditions, and thus evolu- 
tion appears to have selected DNA polymerases 
with a low but finite tendency to err in replication. 
Induced M.is caused by Mutagens (see), which are 
defined as agents which increase the low rate of 
spontaneous M. 

Mutational frequency: see Mutants. 

Mutation rate: see Mutants. 

MWC model: see Cooperativity model. 

Mycobactin: a Siderochrome (see) synthesized 
by Mycobacterium spp. 

Mycocerosic acids: see Fatty acid biosynthesis. 

Mycorrhiza: symbiotic association between the 
roots of a higher plant (forest trees, orchids, etc.) 
and a fungus. The fungal mycelium covers the root 
tips, and the root hairs become reduced or disap- 
pear. The fungal hyphae take up nutrients from the 
soil. The hyphae may penetrate the intercellular 
spaces of the root (ectotrophic M.), or actually pene- 
trate the plant cells (endotrophic M.). Endo- 
trophicM. is necessary for the germination of or- 
chid seeds. Ectotrophic M. are formed by many 
fungi with forest trees. 

Mycosterols: see Sterols. 

Mycotoxins: metabolic products of certain fun- 
gi and other microorganisms, which are harmful to 
other organisms, especially vertebrates, including 
man. The same M. may be produced by more than 
one fungal species. Out of about 100000 described 
species of fungi, 50 are known to produce M. ; these 
may damage the host directly (e.g. plant pathogenic 
fungi), or indirectly by causing illnesses in animals 
and man when M. are consumed in the diet. Ergo- 
tism is a classical example of mycotoxicosis (see Er- 
got alkaloids). M.-producing organisms frequendy 
develop on improperly stored foodstuffs, leading to 
food poisoning. Such M. are e.g. botulinus toxins 
(see Toxic proteins), Aflatoxins (see) and Ochrotox- 
ins (see). Other M. include the nephritic toxin citrin- 
in from Penicilliwn citrinum, notatin from Penicillium 
notatum and sporidesmin from Pithomyces charta- 
rum (formerly Sporidesmin bakeri). Other important 
M. producers are Penicillium islandicum, Penicillium 
rubrum. Paecilomyces varioti, Fusarium sporotrichi- 
oides and Stachybotrys atra. M. also include the bac- 
terial toxins, which are subdivided into endo- and 
exotoxins (see Toxic proteins). 

Mydriatic alkaloids: see Tropane alkaloids. 

Myelin protein A1: see Encephalogenic pro- 
tein. 

Myoglobin: a single chain heme protein of 
skeletal muscle; M r 17200; 153 amino acid residues. 
Function of M. is oxygen storage and transfer (i. e. 
from hemoglobin to respiratory enzymes). "The affin- 
ity of M. for oxygen is higher than that of hemoglo- 
bin. Muscle has a high content of M. especially the 
cardiac muscle of diving mammals, such as whale 
and seal, which contains up to 8% M., compared 
with 0.5% M. in the cardiac muscle of dog. High lev- 
els of M. are also found in the flight muscles of 
birds. M. and hemoglobin were the first globular 
proteins submitted to structural elucidation by X-ray 
diffraction analysis. M. possesses no disulfide 
bridges or free SH-groups. It contains 8 variously 
sized right-handed helical regions, joined by non- 
ordered or random coil regions, 121 Amino acids 



are involved in helix formation, representing a to- 
tal a-helix content of 77%. These 8 helices 
(A,B,C,D,E,F,G,H) are folded back on top of one 
another, and the heme is situated between helices E 
andF (see Proteins, Fig. 9). The molecule has the 
shape of a flattened ball with a pocket for the heme; 
the heme is almost totally buried, with just one edge 
exposed - that carrying the two hydrophilic pro- 
pionic acid groups. The heme is held in position by 
a coordination complex between the central iron (II) 
atom and two histidine residues (on helices E and F, 
respectively). One of these histidines binds to the 
oxygen of the water molecule, which is bound to the 
heme. The position and the functional competence 
of the heme also depend upon the hydrophobic ami- 
no acids that line the inside of the heme pocket. 
Slight changes in the tertiary structure of M. destroy 
the oxygen binding function of the heme. Metmyo- 
globin, i. e. with Fe (III), does not bind oxygen. 
The primary and even tertiary structure of M. and 
hemoglobins from many different species show 
striking similarities. M. appears to be phylogeneti- 
cally the oldest known heme protein, from which 
hemoglobin evolved as an independent molecule 
600 million years ago. M. also appears to be phylo- 
genetically related to Leghemoglobin (see). 

Myo-inositol: a cyclitoi found free and com- 
bined in animals and plants. The earlier equivocal 
name, mesoinositol should be avoided. M.is biosyn- 
thesized from D-glucose, and the configuration of 
C-atoms 1-5 is preserved during the conversion. 
M. is an essential yeast growth factor. It is present in 
relatively large amounts in brain cells, lens, thyroid 
gland, muscle, lung and liver. In the biosynthesis of 
M., a cyclase (EC 5.5.1.4) catalyses the conversion of 
glucose 6-phosphate into inositol 1-phosphate, 
which is dephosphorylated by the action of a phos- 
phatase (EC 3.1.3.25). Inositol oxygenase converts 
M.into D-glucuronate, an intermediate in the Glu- 
curonate pathway (see) of carbohydrate degrada- 
tion. 

M. occurs as its mono- and diphosphate esters in 
phospholipids and phosphoproteins. The M. phos- 
pholipids play a role in the response of mammalian 
cells to external stimuli such as hormones (see Inosi- 
tol phosphates). M.hexaphosphate is called phytic 
acid: the mixture of Ca and Mg salts of phytic acid 
is called phytin. Phytic acid is an important phos- 
phate storage compound in plant tissues, e.g. in ce- 
real grains. 



HO OH 




Myo-inotisol 

Myokinase: see Adenylate kinase. 

Myosin: see Muscle proteins. 

Myrcene: a triply unsaturated acyclic monoter- 
pene hydrocarbon. M. is a pleasant smelline liquid. 
M r 136.24, b.p. 12 55-56 °C, p 15 0.8013, ng 1.470. It is 
a component of many essential oils, and it is pre- 
pared for the perfumer}' industry by pyrolysis of p- 
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In Vitro Mutagenesis 



With the advent of recombinant DNA technology 
and ancillary techniques such as DNA sequencing, 
we can now examine, at the molecular level, the 
DNA sequences that are involved in the control of 
gene expression. The classical approach to genet- 
ics is to create in vivo mutations randomly through- 
out the genome, and then isolate those that display 
a particular phenotype. These mutants are then 
analyzed to determine which gene or genes have 
been altered. The precise nature of the mutation 
itself can be determined by DNA sequencing. An 
almost converse method (in fact, the method has 
been called "reverse genetics") is to create specific 
mutations in a DNA segment in vitro, and to ana- 
lyze the effects of these changes on the organism 
in vivo following reintroduction of the mutant 
gene. It is now possible to create mutations — ei- 
ther deletions, insertions, or specific base chang- 
es — at predetermined sites in a DNA molecule. 

Deletions 

The simplest in vitro mutation that can be con- 
structed is the deletion of a DNA segment be- 
tween two restriction enzyme sites. Circular SV40 
DNA, for instance, can be partially digested with 
a given restriction enzyme that would normally 
produce several fragments. The conditions of di- 
gestion can be maintained so that each molecule 
gets, on the average, two or three cuts. The resul- 
tant molecules are recircularized using DNA li- 
gase. The population will then consist of molecules 



that have had a specific restriction enzyme frag- 
ment excised. Because deletions made in this way 
tend to be rather large, this approach is typically 
used in preliminary analysis to determine the func- 
tions of relatively large areas of a cloned DNA 
molecule. For instance, deletion of the SV40 
Hin dill B or C fragment destroys transforming 
activity, whereas deletion of the smallest Hindlll 
fragment does not, but does prevent packaging of 
SV40 into virus. Once these relatively large areas 
of DNA have been associated with given func- 
tions, finer mutations can be made to determine 
more precisely the functional units of DNA. 

Smaller deletions can be produced in a circu- 
lar DNA molecule by cleaving it with a restriction 
enzyme that linearizes it (cleaves it once). The 
linear molecules are then treated with an enzyme 
called exonuclease III (exo III), which starts from 
each 3' end of the DNA and chews away single 
strands in a 3'-to-5' direction, creating a popula- 
tion of DNA molecules with single-stranded tails 
at each end. The tails can then be degraded with 
SI nuclease, which specifically attacks single- 
stranded DNA, resulting in duplex DNA mole- 
cules with deletions. More recently, the enzyme 
Bal 31 exonuclease has been used; this enzyme 
chews away both strands from the ends of linear 
DNA molecules. These nucleolytic reactions can 
be controlled by varying the time of incubation, 
the temperature, and the enzyme concentration to 
make deletions that can range from 20 to 2000 
bases of DNA. The deleted molecules are then 



J 



IN VITRO MUTAGENESIS 



I07 




am 



BomHI LINEARIZES 
Ri 



Bam 



Bal 31 EXONUCLEASE 
J, (5' + 3' EXO) 



INCREASING 
TIMES OF 
DIGESTION 



BomHI LINKERS 

SomHI 4- DNA LIGASE 
REC1RCULARIZE 



DELETED 
CLONES 




Bom 



^circularized with DNA ligase (usually after addi- 
tion of a synthetic oligonucleotide linker) and 
used to transform E. colt (Figure 8-1). 

A variation of this technique was used to study 
the DNA sequences that are important in the regu- 
lation of transcription of the herpes simplex virus 
thymidine kinase gene (HSV tk). Two libraries of 
deletion mutants were constructed with the exo III 
and SI nucleases: One set of mutations started 
from a site well beyond the 5' end and proceeded 
towards the gene; the other set started at a point 
in the gene and proceeded in the opposite direc- 
tion through the 5' end of the gene. 

DNA sequencing was used to define the pre- 
cise endpoints of the two sets of deletions. Forty- 
three different mutants in which the deletions 
came from the 5' direction and 42 mutants in 
which the deletions came from the 3' direction 
were found to have terminated in a small 140- 
nucleotide stretch surrounding the 5' end of the tk 
gene. (The ends of all the deletions contained a 
synthetic BamHI linker). Next, a search was made 
for deletion pairs that came from opposite direc- 
tions and that terminated exactly 10 bases apart. 
When two such deletions were recombined 
through the BamHI linker, the 10 bases of the 
linker replaced the 10 nucleotides in the normal 
sequence. This was called a "clustered point mu- 
tant'* because most, though generally not all, of 
the 10 bases in the linker were different from the 
wild-type sequence (Figure 8-2, page 108). When 
two deletion mutants coming from opposite direc- 
tions had their termini 15 or 20 bases apart, then 
recombination of these termini through the 
BamHI linker resulted in a 5-or-10-base-pair dele- 
tion of DNA, as well as the base changes caused 
by the BamHI linker. In this way, the spacing be- 
tween control regions was systematically and pre- 
cisely varied. 



Figure 8-1 

Small deletions are made in a circular DNA 
molecule by cleaving it once with BamHI and 
treating it with Bal 3 1 exonuclease, which 
digests the ends of both strands. The size of 
the deletion can be controlled by varying 
incubation time, temperature, and enzyme 
concentration. The strand is then recircular- 
ized by adding BamHI linkers and DNA 
ligase. 
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Figure 8-2 

Creation of a clustered point mutation resulting in an eight-base substitution. Pairs 
of mutants in which the members terminate exactly ten bases from one another are 
selected. Identical BamHl linkers are added to the ends; these ends are cleaved with 
BamHl and joined with DNA ligase. A DNA molecule that differs from the wild- 
type sequence only in the ten bases that constituted the linkers is thus formed. Two 
of these bases happen to match the bases in the wild-type sequence; the other eight 
(boldface) represent the clustered point mutation. 



A set of clustered point mutations or small 
deletions was constructed in this way throughout 
the promoter region of the HSV tk gene. When 
such mutants were tested in an in vitro transcrip- 
tion assay, it was found that three distinct regions 
are required for efficient expression of tk>mRNA. 
One is the "TATA box" (Chapter 7, page 98). 
This AT-rich stretch of nucleotides about 25 to 30 
bases upstream from the cap site is believed to 
direct initiation at the correct nucleotide. Two 
other regions near the tk gene were also found to 
be critical for transcription: GC-rich stretches at 
about —50 and —90. Base substitutions in either 
of these regions greatly reduce transcriptional effi- 
ciency. The spacing between these three regions 
was also found to be important: Deletions that 
bring the —90 region closer to the —50 reduce 
transcription, as do deletions that bring the —50 
region closer to the TATA box. 

Insertions 

Insertion of a synthetic oligonucleotide linker at a 
given site in a cloned DNA molecule can be used 



either to interrupt the normal DNA sequence or 
to generate a new restriction site that can serve as 
a starting point for further mutagenesis. Pancreatic 
DNase in the presence of manganese ions in- 
troduces random double-stranded breaks in a 
DNA molecule. Normally this enzyme would 
completely degrade a DNA molecule into small 
pieces; however, if cloned DNA is treated with a 
very small amount of pancreatic DNase for a very 
short time, each DNA molecule will be cut, on the 
average, only once. These linear molecules can be 
isolated from a gel. Synthetic oligonucleotide link- 
ers can then be added to them so that they may be 
recirculated with DNA ligase. This will result in 
a population of DNA molecules with the linker 
sequence randomly inserted (Figure 8-3). Alterna- 
tively, cloned DNA molecules can be cleaved with 
a restriction enzyme that would normally cut each 
DNA molecule several times, but a very small 
amount is used so that each molecule is cut only 
once. Insertion of linkers into this population will 
result in a less random set of insertion mutants than 
that generated using pancreatic DNase, since each 
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Figure 8-3 

Creation of insertion mutants via synthetic oligo- 
nucleotide linkers. Recombinant plasmids are 
cleaved only once at random locations by treatment 
with a tiny amount of pancreatic DNase I. Xho 
linkers added to the resulting linear molecules are 
cut open with Xho. The molecules are 
^circularized with DNA ligase, producing plasmids 
that contain eight-base-pair inserts. 



insertion will be at a known restriction enzyme 
site. 

This technique was used to define DNA se- 
quences important in mating-type regulation in 
yeast (Chapter 11). The yeast genome contains 
three copies ("cassettes") of genes that control 
mating type: one expressed copy (the "MAT" 
copy) and two silent copies (called "HMR" and 
"HML"). The silent genes are kept silent by the 
action of another gene set called "SIR." Insertion 
mutations around the HMR locus showed that the 
negative regulation of this gene by SIR is depen- 
dent upon two regions of DNA, one lying on each 
side of the silent cassette. Mutations in one of the 
regions (the "E," or "essential," region) resulted 
in complete loss of control by SIR, whereas muta- 
tions in the other (the "I," or "important," re- 
gion) caused only a partial loss of regulation. 
Thus, a region of negative transcriptional control 
extending about 3000 bases was defined. 

Substitutions: Deamination of Cytosine 

Specific single base changes (point mutations) can 
also be generated in a DNA molecule in vitro. One 
method is based on the fact that cytosine residues 
in single-stranded, but not double-stranded, DNA 
can be chemically deaminated to produce uracil by 
the action of bisulfite ions. Thus, if small single- 
stranded regions can be created in a cloned DNA 
molecule, the C residues in this region can be 
specifically changed to U ( which is read as T when 
the molecule is replicated). 

There are two methods of creating single- 
stranded regions of DNA around a restriction en- 
zyme site. One method is to use the enzyme ex- 
onuclease III to chew away single strands of DNA 
in the 3'-to-5' direction. The result will be single- 
stranded tails, the lengths of which will depend on 
the extent of the reaction with exo III. The other 
method, which is more controllable, is based on 
the fact that many DNA polymerases will, in the 
absence of dNTPs, degrade single strands of du- 
plex DNA in the 3'-to-5' direction; if only one 
dNTP is present in the reaction, the polymerase 
will degrade single strands of duplex DNA until 
it reaches a point at which the base on the other 
strand is complementary to the available nucleo- 
tide. The exonucleolytic activity will then stop. 
Both phage T4 DNA polymerase and the so-called 
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"Klenow" or large fragment of E. coli DNA 
polymerase I have this property. For example, if a 
DNA molecule is cut with the restriction enzyme 
Smal, which recognizes the sequence CCCGGG, 
and this cleaved molecule is treated with Klenow 
polymerase in the presence of only dATP, the en- 
zyme starts at the Sma I site and chews away each 
3' end of the duplex DNA until it reaches an A 
residue. This is usually only a few bases away from 
the enzyme site; thus small single-stranded regions 
are generated on each strand. The molecule is then 
treated with bisulfite, which changes the C resi- 
dues to U. Next Klenow polymerase is added in 
the presence of all four dNTPs and the single- 
stranded regions are repaired; the uracil residues 
created by the bisulfite pair with A. GC base pairs 
are thus mutated to AT pairs (Figure 8-4). 

Using this method, a number of single and 
double base changes were generated in a cloned 
proline tRNA molecule. The mutations were 
GC -* AT changes clustered around a Smal site 
inside the tRNA molecule. When tested in in vitro 
transcription assays, some of these mutants were 
found to be very poorly transcribed. This in- 
dicated that the promoter for the tRNA genes 
(which are transcribed by RNA polymerase III) is 
actually inside the gene, rather than off the 5' end. 
This " intragenic promoter** has been found for all 



genes transcribed by RNA polymerase III, in con- 
trast to genes transcribed by RNA polymerase I or 
II or by the prokaryotic RNA polymerases. 

Substitutions: Incorporation 
of Nucleotide Analogs 

Another method of producing single base changes 
near a restriction site is to create small single- 
stranded regions in a cloned DNA molecule. The 
molecule is treated with a restriction enzyme in the 
presence of ethidium bromide. This drug causes 
the restriction enzyme to "nick" the DNA at the 
restriction site (that is, to cut only one of the DNA 
strands rather than both). This nick can be ex- 
tended into a small gap by using a low concentra- 
tion of DNA polymerase isolated from a bac- 
terium called M. luteus. In the absence of tri- 
phosphates, M. luteus polymerase will degrade 
only five or six bases of DNA in the 5'-to-3' direc- 
tion, starting from the nick. The result is a DNA 
molecule with a five-or-six-base gap in it. The gap 
is then repaired with Klenow polymerase in the 
presence of dATP, dCTP, dGTP, and N-4- 
hydroxycytosine instead of dTTP. This nucleotide 
analog is incorporated in place of T, and, because 
the 6-keto-enol ratio (C6 = 0/C60H) of this 
compound is almost 1 , it can pair equally well with 




Figure 8-4 

Creation of a substitution mutant through deamination of cytosine. A Smal cleavage 
site is treated with Klenow polymerase in the presence of dATP. The en2yme chews 
away the single strands in the 3'-to-5' direction, until it reaches an A residue on 
each strand. The addition of bisulfite changes the exposed C residues to U. Klenow 
polymerase is added again, this time with all four dNTPs; the result is a repaired 
molecule in which two of the GC base pairs have been mutated to AU (or AT). 
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either A or G. Incorporation of a G residue in the 
complementary strand will result in an AT — ► GC 
mutation (Figure 8-5, page 112). 

Substitutions: Misincorporation 
of Nucleotides 

Finally, single base changes near a restriction site 
in DNA can be generated by misincorporation of 
a nucleotide during enzymatic repair of a gap, 
created as just described. The gapped molecules 
are treated with E. coli or T4 DNA polymerase in 
the presence of only three of the four dNTPs. 
Normally, the polymerase stops when it reaches a 
point at which it has no complementary nucleotide 
for the base in the opposite strand; a small percent- 
age of the time, however, the polymerase will 
misincorporate one of the other three nucleotides 
in place of the one that is missing, and then con- 
tinue to repair the gap completely. This results in 
circular plasmids with single base mismatches. 
When the plasmids are reintroduced into E. coli, 
the mismatches will be repaired during the next 
round of DNA replication. Half of the replicating 
strands will recreate the wild-type sequences, and 
the other half will create mutant sequences with a 
single base-pair change. Since the base change was 
made at the restriction site at which the molecule 



was originally nicked, the site has been altered and 
the mutant molecule will not be cleaved by that 
enzyme (Figure 8-6, page 113). The daughter 
plasmid molecules can be quickly screened for the 
presence or absence of the enzyme site to deter- 
mine whether they are mutant or wild-type. One 
potential problem with this technique is the fact 
that most polymerases have a "proofreading" 
function, in the form of a nuclease that excises a 
mismatched nucleotide as soon as it is incorpo- 
rated. This can be circumvented by using a-thio- 
phosphate nucleotides during the gap repair; these 
molecules cannot be excised by the polymerase's 
proofreading exonuclease. 

Mutants May Be Constructed by Using 
Oligonucleotides with Defined Sequences 

All of the techniques we have described for gener- 
ating specific base changes in a DNA molecule are 
dependent upon the presence of a restriction en- 
zyme site near the region of interest. Of course, 
the location of such a site is a matter of random 
chance. Another method for making specific point 
mutants in a cloned DNA molecule does not de- 
pend at all on the presence of a convenient restric- 
tion site. The method utilizes synthetic oligonu- 
cleotides of defined sequence (Chapter 5, page 
63). When the sequence of a cloned DNA mole- 
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cule has been determined, this information is used 
to make an oligonucleotide that is 12 to 15 bases 
long and that is complementary to the region to be 
mutated, but with one or two mismatches. This 
oligonucleotide is mixed with a single-stranded 
clone of the complementary strand of the original 
molecule, carried in an M13 phage vector. Al- 
though the oligonucleotide is not a perfect match, 
it will anneal to the single-stranded clone if the 
hybridization conditions are not very stringent 
(the annealing must be done at a low temperature 
and in the presence of high salt), and if the mis- 



Figure 8-5 

N-4-Hydroxycytosine can be obtained from cyto- 
sine by treatment with hydroxy lamine. N-4- 
Hydroxycytosine can pair equally well with A or G. 
A DNA strand is nicked at an Eco RI site by cleaving 
it with this restriction enzyme in the presence of 
ethidium bromide. The nick can be extended 
into a small gap by using Af. luteus polymerase. 
The gap is then repaired by treating it with 
Klenow polymerase in the presence of dATP, 
dCTP, dGTP, and N-4-hydroxycytosine. The 
latter replaces T in the resulting double strand, 
since in its enol form it can pair with A. During 
replication, the N-4-hydroxycytosine residues are 
interpreted as C residues, so the complementary 
strand is formed with G residues opposite the 
inserts, instead of the original A residues. The 
result is a mutant that resists EcoKI cleavage 
because the recognition site for that enzyme has 
been altered. 

matches are in the middle of the oligonucleotide 
rather than at an end. The mismatched oligonu- 
cleotide serves as a primer for the action of DNA 
polymerase to synthesize the remainder of the 
complementary strand. The double-stranded mol- 
ecule, now containing one or two mismatches, is 
introduced into E. colt, where the mismatches will 
be repaired, to recreate either the wild-type se- 
quence or the mutant one (Figure 8-7). 

Theoretically, 50 percent of the daughter 
molecules will be wild-type and 50 percent mu- 
tant; in practice, however, the percentage of mu- 
tant molecules is much lower (usually 10 to 15 
percent). [This is probably for one or both of the 
following reasons: (1 ) The DNA polymerase, hav- 
ing synthesized the entire complementary strand 
starting from the primer, sometimes continues 
polymerizing after going around the circle, so that 
it actually displaces the primer and recreates the 
original wild-type sequence. (2) The original wild- 
type DNA strand is "marked" somehow, perhaps 
by methylation, in such a way that when the mis- 
matched duplex is introduced into E. coli, it is 
repaired to the wild-type sequence more often 
than to the mutant sequence.] Mutant molecules 
can be distinguished from wild-type ones in two 
ways. If the base change either created or de- 
stroyed a restriction enzyme site, then several M13 
clones can be quickly assayed for the presence or 
absence of that site. Alternatively, the oligonucleo- 
tide that was originally used to make the mutation 
can be used to distinguish mutant from wild-type 
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Figure 8-6 

Creation of a substitution mutant through 
misincorporation of a nucleotide. The 
restriction enzyme Clal is used in the 
presence of ethidium bromide to nick a 
cloned DNA molecule. The nick is extended 
into a small gap by using M. luteus polymerase. 
The gap is then repaired by treating it with 
E. coli or T4 DNA polymerase and three of 
the four dNTPs — dCTP is omitted. 
Occasionally the enzyme will try to substitute 
A, T, or G opposite the G residue in the 
intact chain. If the mismatched nucleotide is 
not excised, the result will eventually be a set 
of daughter plasmid molecules that contain a 
mutant base pair. 
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Figure 8-7 

Creation of a substitution mutant by use of a 
synthetic oligonucleotide. The 12-to-15-base 
oligonucleotide is constructed so that it is 
complementary to a region of a DNA strand, 
but with one or two mismatches. When mixed 
with a clone of the complementary strand, the 
oligonucleotide will anneal to it even though 
the match is not exact, as long as the hybrid- 
ization conditions are not stringent and the 
mismatches are in the middle of the oligonu- 
cleotide segment. The segment then serves as 
a primer for DNA polymerase I, which 
synthesizes the remainder of the comple- 
mentary strand. When the resulting double- 
stranded molecule is introduced into E. colt, 
the molecule replicates to recreate either the 
original wild-type sequence or the mutant 
sequence. 
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molecules: As was described above, an oligo- 
nucleotide will hybridize to a complementary 
sequence with one or two mismatches if the 
stringency of hybridization is kept low; if the tem- 
perature of the hybridization reaction is raised, 
however, the oligonucleotide will form a stable 
duplex only with a sequence to which it is perfectly 
complementary. The oligonucleotide that was 
used to make the mutation can be labeled with 32 P 
and used as a probe to screen bacterial colonies on 
nitrocellulose filters, as described earlier (Figure 
6-7). If the temperature of the hybridization is 
raised in 5°C increments, a point can usually be 
reached at which the labeled oligonucleotide will 
hybridize only to the mutant molecules (to which, 
it is perfectly complementary) and not to the wild- 
type molecules (Figure 8-8). 

A synthetic oligonucleotide was used to create 
a synthetic suppressor tRNA. A 12-base oligonu- 
cleotide was synthesized to be complementary to 
the anticodon loop of a cloned lysine tRNA mole- 
cule, except that the bases complementary to the 
lysine anticodon AAA were changed to be com- 
plementary to the termination codon UAG. This 
mismatched oligonucleotide was used to generate 
a mutant lysine tRNA molecule. The mutant 
tRNA was injected into frog oocytes with a cloned 
mutant /3-globin gene obtained from a thalassemia 
patient (Chapter 17). This globin gene had the 
termination codon UAG at amino acid position 
17, instead of the codon AAG which codes for 
lysine. Normally, the synthesis of j3-globin poly- 
peptide in oocytes would stop at this UAG codon. 
When the mutant tRNA gene is also microin- 
jected, however, lysine was incorporated at this 
position, and synthesis of the /J-globin protein pro- 
ceeded normally. 

Oligonucleotide-directed mutagenesis is also 
proving valuable for the study of protein structure 
and function. If the DNA sequence of the protein- 
coding region of a gene is known, then a synthetic 
oligonucleotide can be used to specifically change 
one amino acid codon to another. When this mu- 
tant gene is reintroduced into cells by means of 
techniques that we will describe later (Chapter 
14), it will produce a protein with exactly one 
amino acid change. The effects of such an altera- 
tion on the protein's function can then be assessed. 
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Figure 8-8 

Distinguishing mutants created by defined- 
sequence oligonucleotides. Ml 3 clones, some 
of which contain a specific base change, were 
obtained as described in Figure 8-7. DNA 
from these clones was spotted onto a 
nitrocellulose filter. The oligonucleotide that 
had been used to create the mutation was 
labeled with 32 P and hybridized to the filter. 
The filter was then washed at successively 
higher temperatures until the M13 clones 
containing the mutant sequence could be 
distinguished from those harboring the wild 
type. (Courtesy of Mark Zoller.) 

This technique is currently being used to study the 
amino acids that are responsible for the correct 
insertion and anchorage of membrane proteins, 
and also for the study of the structure of certain 
tumor virus proteins that may be involved in onco- 
genic transformation. 

Given the recent advances in DNA sequenc- 
ing and in oligonucleotide synthesis, oligonucleo- 
tide-directed mutagenesis could prove to be by far 
the most versatile method of creating specific point 
mutations in a DNA molecule. 
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